Field distribution and flux-line depinning in the mixed-state of MgB2 probed by 

Conduction Electron Spin Resonance 
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We report the first observation of the internal magnetic-field distribution and flux-line depinning in 
the vortex-state of a type-II superconductor probed by conduction electrons spin resonance (CESR) 
technique. The CESR measurements were performed in the recently discovered MgB2 type-II super- 
conductor compound with transition temperature T c ~ 39 K using microwave sources at 4.1 (S-band) 
and 9.5 GHz (X-band) corresponding to resonance fields of H r ~ 1455 and 3390 Oe for g ~ 2.00 in 
the normal state, respectively. From the distortion of the CESR line in the superconducting state, 
the field distribution function, n{H), in the vortex-state was inferred, and from the broadening of 
the line a direct estimate of the standard deviation, a ~ 14 Oe, was obtained at ~ 28 K and ss 7 
K for S-band and X-band, respectively. Furthermore, our experiments allowed the determination of 
the flux-line lattice depinning temperature for both employed microwave frequencies. 
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In the early 70's almost simultaneously three groups re- 
ported the observation of electron spin resonance (ESR) 
of localized magnetic impurities in the mixed-state of 
type-II intermetallic superconductors. The effects 

caused by the superconducting state on the resonance 
lineshape, field for resonance (g- value), and resonance 
linewidth were later discussed in detail by Davidov et al. 
j| Concurrently, Orbach || showed that the gross ob- 
served features could be explained in terms of the inter- 
nal magnetic-field distribution in the Abrikosov vortex- 
lattice. U Following the Lasher's calculations using the 
Ginzburg-Landau equations |7) and the analysis of the 
nuclear magnetic resonance (NMR) data in Vanadium 
given by Fite and Redfield, Orbach was able to 

simulate most of the observed features based on the 
Abrikosov vortex-lattice internal magnetic-field distribu- 
tion of a type-II superconductor. Although CESR ex- 
periments in normal metals were discovered in the early 
50's, jl0| only in the 80's Vier and Schultz reported the 
first observation of CESR in the superconducting mixed- 
state of the Nb type-II superconductor, jfjj However, 
due to the low H c2 [H c2 (T = 0) « 4 kOe], strong de- 
crease of the CESR intensity, narrowing effects, relax- 
ation phenomena, and weak pinning in the superconduct- 
ing state, [^2|--|l4| these authors have not observed the ef- 
fects of the vortex-lattice field distribution in their CESR 
experiments. Nemes et al. |l5| reported the observa- 
tion of the CESR in the superconducting state of K3C60 
[T C (H = 0) w 19 K, H c2 {T = 0) « 25 T]. Nonetheless, 
the observed T-dependence of the CESR linewidth below 
T c did not allow them to distinguish between the contri- 
bution of the field distribution in the vortex-lattice from 
that of the relaxation processes. |l2^|l4|] More recently, 
Simon et al. jl(| reported CESR in MgB 2 . However, 
they have observed the vortex-lattice field distribution 



either, probably, due to the high field/frequency used in 
their experiments. 

In this work we report, the first direct and unambigu- 
ous observation of the internal magnetic-field distribu- 
tion and flux-line depinning in a type-II superconductor 
probed by conduction electrons (ce). The standard de- 
viation of the field distribution has been quantitatively 
estimated from the experiment. 

The recent discovery of superconductivity in the bi- 
nary compound MgB 2 at T c ~ 40 K (l7) and its high 
upper critical field 20 T < H^ ±c < 30 T @ have at- 
tracted much interest and stimulated us to investigate 
the mixed-state of this type-II superconductor by means 
of CESR. To probe the vortex-lattice internal magnetic- 
field distribution by ce we have choosen our two lowest 
available microwave sources to perform the CESR exper- 
iments. The S-band (v rj 4.1 GHz, H r « 1455 Oe for 
g = 2.00 in the normal state) and X-band [y « 9.5 GHz, 
H r ps 3390 Oe for g = 2.00 in the normal state) is well 
suited for this purpose, since for T«T C the CESR field, 
H r , will be above H c \ % 500 Oe and well below the ir- 
reversibility field, H r <C h\^ c < H^2 ±c (see below) and, 
therefore, the ce will be certainly probing the internal 
magnetic-field distribution in the vortex-lattice. Besides, 
at v sa 9.4 GHz and T > 40 K the lowest estimates for 
the skin depth 5 > 1 /im [S = y/ pj-K^v, and p(T) from 
ref. [po[ l is larger than the average size of our fine pow- 
der particles (our MgB 2 particle size ranged between 0.5 
/im and 1 /xm, determined by optical microscopy). These 
two constrains improve the CESR signal/noise ratio and 
simplify the analysis of the CESR spectra, since a pure 
absorption lorentzian line is expected to be observed at 
all temperatures. ]2lJ 

The MgB 2 polycrystalline sample was prepared in 
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FIG. 2. a) FCC and ZFC X-band CESR spectra at 19.3 K, 
b) T-dependence of the FCC and ZFC dc-magnetic suscepti- 
bility of MgB 2 for H = 10 Oe, 1455 Oe and 3387 Oe. 



□□□ 



□ 



□ 



FIG. 3. X and S-band T-dependence of the: a) relative 
CESR intensity, 7(T)/7"(40 K), b) shift of the resonance field, 
Ji",.(T)-Ji, n (40 KY, and c) linewidth, AH PP (T), and resistivity, 
p(T), from rcf. Q . 

Besides, in these T-intervals, as in the normal state, the 
lineshape remains lorentzian. These results suggest that: 
a) for the S and X-bands, the corresponding tempera- 
ture intervals 35 < T < 37 K and 26 < T < 35 K may 
be associated with a vortex-viscous motion regime that, 
via a motional narrowing mechanism, may be responsi- 
ble for the absence of the inhomogeneous line broadening 
expected from the magnetic-field distribution in a vortex- 
pinned lattice, and b) the ce relaxation in the supercon- 
ducting state of MgB2 was found to be T- independent, 
except for a tiny decrease of A7Jp p (smaller than our error 
bars, see Fig. 3c). 

However, below ~ 35 K and ~ 26 K for the S and X- 
band, respectively, the CESR line clearly broadens and 
distorts revealing the presence of a field distribution that 
we now attribute to a vortex-pinning regime. It is worth 



FIG. 4. a) X-band CESR spectra at 15.5 K and 23.0 K. 
Left-bottom inset: triangular unit cell and Lasher's NMR 
lineshape, n(H), for triangular and square vortex-lattices. 
Solid lines in a) are simulations obtained by the convolution 
of a lorentzian absorption line of AH p l p (40 K) = 18 Oe and 
#"(40 K) = 3390 Oe with a Lasher-like distribution. The 
best distributions, n(H), are shown in the right-side insets, 
b) T-dependence of if r (T)-#™(40 K) (closed symbols), and 
AH pp (T)-AH pp (A0 K) (solid bars). Notice that the solid bars 
are not "error bars". The inset presents the low field su- 
perconducting state phase-diagram for MgB2. The crossover 
line separating vortex-pinning and viscous regimes T P (H) 
extracted from the CESR data and irreversibility line ob- 
tained from the dc-magnetic susceptibility data(see Fig. 2) 
are shown. 

The left-bottom inset of Fig. 4a shows the theoret- 
ical NMR absorption lineshape, n(H), calculated by 
Lasher, using Ginzburg-Landau equations, due to 
the internal magnetic-field distribution in a triangular 
i(H s - H C )/{H V - H c ) « 7%) and square {{H s - 
He) I (Hy — He) ~ 20%) Abrikosov vortex-lattice, where 
the points in space correspond to the maximum, Hy, 
minimum, He, and saddle, Hs (majority lattice points) 
fields in the unit cell of a triangular lattice. For sim- 
plicity we have assumed an Abrikosov vortex-lattice and 
calculated the derivative of the convolution of a NMR 
Lasher-like absorption lineshape, n(H), with an absorp- 
tion lorentzian lineshape to simulate the CESR absorp- 
tion derivative in the superconducting state. In this sim- 
ulation we have considered: i) for the maximum field, 
Hy, the value of the resonance field in the normal state, 
if™ « 3390 Oe, ii) a linewidth, AH* p m Aff" p (40 K) 
rs 18(2) Oejno relaxation contributions were contem- 
plated [|12HL4|), and Hi) two adjustable parameters, Hs 
and He (< Hs < Hy) (notice that CESR is an experi- 
ment at fixed frequency, therefore, the diamagnetic shift 
of the line will be always toward higer fields). The re- 
sults of these convolutions are given in Fig. 4a by the 
solid lines on the observed spectra. The best simulations 
for these two spectra were obtained using the distribu- 
tion function, n(H), shown in the right-side insets of Fig- 
ure 4a. The reasonable agreement obtained between the 
data and the simulation indicates that the broadening 
and distortion of the CESR lines may be accounted for 
by the magnetic-field distribution in the vortex-lattice 
state and that relaxation process is not present in the 
superconducting state of MgB2. According to the results 
presented in the insets of Fig. 4a the field distribution 
deviates from that expected for ideal eitheir triangular 
or square vortex-lattice. We attribute this fact to the 
vortex-lattice distortions due to the presence of relatively 
strong vortex pinning effect in our sample. 

Figure 4b presents a summary of the most relevant 
CESR data in the superconducting state of MgB2. The 
closed symbols give the shift of the resonance field in the 
superconducting state, H^(T)-H^(40 K), and the solid 
bars represent the "extra" broadening of the linewidth 
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in the superconducting state relative to that in the nor- 
mal state, AH^ p (T)-AH^ p {AQ K) (notice that these solid 
bars are not "error bars"). This "extra" broadening 
may actually be directly associated to the standard de- 
viation, 2(7, of the field distribution. The temperature 
where the resonance field, (T) , departures from H ™ (40 
K) agrees, within ~ 1 K, with the critical tempera- 
ture, T C (H), obtained from the onset of superconduc- 
tivity in Fig. 2b. The temperature where the AH pp (T) 
exceeds that of the normal state AH pp (40 K), defines the 
vortex-pinning temperature, T p (H). This temperature 
separates pinning and viscous vortex motion regime. 
The microwave field, Hi, induces a screening current 
which exerts a force on flux-lines j$o (j is the current 
density) per unit length tilting the flux-lincs in the di- 
rection of Hi (Hi _L H r ). This force is balanced by 
pinning and viscous forces a p x + rjv = 7<E>o, |3^1 where 
a p is the pinning constant (Labush parameter), x is 
the vortex displacement, n is the viscous drag coeffi- 
cient (viscosity), and v is the flux line velocity. So, 
from the equation of motion one gets the vortex resis- 
tivity p v = (<& H/r])/(l + iuj /uj) p2|, where uj = a p /n : 
the so-called depinning (crossoverjfrequency, separates 
the pinning (w <C u)q) and viscous flux flow (ui 3> u>o) 
regimes. We estimate the in-plane viscosity coefficient 
n = $ H^/Pn « 10" 6 Ns/m 2 , taking ijj 2 c = 2 T 
|U and p n = 0.4 (itQ.cm @. From low-T (T = 6 K) 
magnetization hysteresis loop M (H) measurements and 
using the Bean critical state model applied to a disk- 
shaped sample, we estimate the critical current density 
j c (T = 6 K, H = H r = 3535 Oe) w 10 n A/m 2 being in 
a good agreement with previous results |33|. From the 
equation for the pinning force f p = j c &Q = c*p£ (£ — 

^/ $o/27ri?c2 is the in-plane coherence length ) we es- 
timate a p w 1.5 xlO 4 N/m 2 , and finally w w 1.5 xlO 10 
rad/s (j^o = ujq/2it sa 2 GHz). Because the obtained 
value of vq is comparable to the measuring frequency, 
v = 9.4 GHz, and j c (T) decreases with T, it is rea- 
sonable to assume the vortex "depinning" occurring at 
T > T p (i>) and motional narrowing effects may, then, ac- 
count for the reduction of AH s pp {T) toward AH p l p (T). If 
such an interpretation is correct, T p (v) should be shifted 
to higher-T by lowering the measuring frequency. This is 
actually shown by our experiments at 4.1 GHz (see Fig. 
4b). On the other hand, for i/ > i/o no crossover to the 
pinning regime is expected and, therefore, no "extra" 
broadening of the line, AH pp (T), would be expected be- 
low T c . The measurements performed in Ref. [ [l6| for 
v > 35 GHz, which according to our estimation is well 
above i/o, revealed at T = 5 K a broadening and a split- 
ting of the line that was attributed to the coexistence 
of CESR in the normal and superconducting state. The 
dashed line in Fig. 4b is the crossover line which sepa- 
rates pinning and viscous FLL motion regimes of MgB2 
obtained from our CESR experiments. The inset in Fig. 
4b presents a low field phase-diagram for the supercon- 
ducting state of our MgB2 sample extracted from CESR 



and e?c-magnetization experiments and summarizes the 
discussion above. 

Finally, it is important to mention that the results pre- 
sented in this letter and those of Simon et al. [[l6| are 
somehow complementary, although below T c none of our 
spectra showed the CESR corresponding to the normal 
phase reported in Ref. |ll|. 

In summary, we demonstrate that CESR can be used 
for direct probing of the inhomogeneous field dristribu- 
tion in the mixed state of the MgB 2 . The standard 
deviation, <r, of the field distribution has been inferred 
for various temperatures from the "extra" broadening 
of the linewidth. The obtained er-value of ~ 14 Oe at 
T w 28 K and T w 7 K for S-band and X-band, re- 
spectively, is of the order of the values extracted from 
the analysis of the muon-spin rotation data in high-T c 
cuprates. [Q The small value of a (0.5 1% of the ap- 
plied fields) is consistent with the relatively large value of 
the Ginzburg-Landau parameter k = A/£~10-^20 for 
MgB 2 . Q Besides, the CESR data has allowed to de- 
termine "depinning" temperature T p (H, v) separating 
vortex-pinning and viscous vortex motion regimes. 

The authors are grateful to Prof. O.F. de Lima for 
critically reading of the manuscript. This work was sup- 
ported by FAPESP and CNPq of Brazil. 
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